Cheese is a ready-to-eat food that may be contaminated on the surface by undesirable spoilage and pathogenic microorganisms during production, packaging, and postpackaging processes. Penicillium roqueforti is commonly found on cheese surfaces at refrigeration temperatures and is one of the most common spoilage fungal species. Consumption of cheese contaminated with Listeria monocytogenes can result in foodborne listeriosis. Therefore, cheese should be decontaminated at postprocessing stages. Pulsed UV light is a nonthermal method for food preservation that involves the use of intense short pulses to ensure microbial decontamination on the surface of foods or packaging materials. In this study, the efficacy of pulsed UV light for inactivation of P. roqueforti and L. monocytogenes inoculated onto packaged and unpackaged hard cheeses was investigated. Treatment times and the distance from the UV strobe were evaluated to determine optimum treatment conditions. Packaged and unpackaged cheeses were treated at distances of 5, 8, and 13 cm for up to 60 s. For P. roqueforti, maximum reduction after 40 s at 5 cm was 1.32 log CFU/cm 2 on unpackaged cheese and 1.24 log CFU/cm 2 on packaged cheese. Reductions of L. monocytogenes under the same treatment conditions were about 2.9 and 2.8 log CFU/cm 2 on packaged and unpackaged cheeses, respectively. The temperature changes and total energy increases were directly proportional to treatment time and inversely proportional to distance between the UV lamp and the samples. The changes in color and lipid oxidation were determined at mild (5 s at 13 cm), moderate (30 s at 8 cm), and extreme (40 s at 5 cm) treatments. The color and chemical quality of cheeses were not significantly different after mild treatments (P . 0.05). The mechanical properties of the plastic packaging material (polypropylene) also were evaluated after mild, moderate, and extreme treatments. A decreasing trend was noted for elastic modulus; however, no significant differences were found between untreated samples and those given mild and moderate treatments (P . 0.05). Overall, these results indicate that pulsed UV light can inactivate P. roqueforti and L. monocytogenes on the surface of hard cheeses.
Because of the increase in outbreaks of foodborne illnesses associated with dairy products, decontamination of dairy products is getting more attention (8) . Although cheese usually is made from adequately pasteurized milk, this cheese can be subsequently contaminated with pathogenic and spoilage microorganisms during postprocessing and handling. Therefore, cheese products should be decontaminated at the postpackaging stage to avoid illnesses and extend the shelf life. Gould et al. (7) reviewed and analyzed data obtained from Centers for Disease Control and Prevention database on outbreaks associated with cheese consumption between 1998 and 2008. These authors reported 68 outbreaks, resulting in 1,519 illnesses, 178 hospitalizations, and three deaths. Major vehicles for cheese spoilage microorganisms include contaminated equipment, contaminated milk, poor employee hygiene, and improper processing and storage conditions. Several types of pathogenic and spoilage microorganisms can contaminate cheeses (3, 13) . Some of these pathogens can cause severe illness with long-term consequences and death, whereas others cause only mild illness.
The major pathogenic microorganisms found in cheeses are Salmonella, Campylobacter spp., Brucella spp., Bacillus cereus, Shigella spp., Listeria monocytogenes, and Escherichia coli O157:H7 (7) . The major spoilage microorganisms are Penicillium spp., coliforms, Yarrowia lipolytica, and Lactobacillus plantarum (12) . Effective decontamination methods are needed to eliminate these pathogenic and spoilage microorganisms on contaminated cheese while preserving desired product texture, taste, and olfactory profiles.
Various thermal and nonthermal processing methods have been evaluated for cheese decontamination. Thermal methods include heat pasteurization by steam and infrared heating, and nonthermal processing includes physical methods such as UV treatment and high hydrostatic pressure, chemical methods such as ozone, and biological methods such as nisin. Sometimes these methods are combined to increase their effectiveness. However, each method has its own limitations and advantages (5) .
UV light is the portion of the electromagnetic spectrum with wavelengths of 100 to 400 nm. UV light sterilization provides a cost-effective alternative to heat pasteurization techniques and preservation methods. Taste degradation of food subjected to UV light treatment is minimal because this treatment can be conducted at ambient temperature (10) . UV light treatments can be either continuous or pulsed. Continuous UV light has been used for surface decontamination for solid foods and treatment of liquid food products and water. However, poor penetration and low dissipation power limit the effectiveness of continuous UV light. Pulsed UV light systems have been developed to improve effectiveness. These systems offer high peak power that destroys microorganisms and provides a higher rate of sanitization than do continuous UV light systems (16) . Pulsed UV light allows faster processing and more process flexibility, is free from toxic lamp materials, penetrates of plastic packages, and meets special lamp configuration requirements (16) .
The pulsed UV light system consists of light pulses delivered by a xenon gas lamp. The pulses are created by compressing electrical energy into short pulses and using these pulses to energize an inert gas lamp. The energized lamp then emits intense light pulses in the continual broadband spectrum from deep UV to infrared (100 to 1,100 nm) with durations of a few hundred microseconds (9) . The energy is stored in a high power capacitor and released constantly; in this way, more power is supplied (6) . Because pulsed UV light has a wide range of wavelengths, the inactivation mechanisms differ. Krishnamurthy et al. (10) reported three effects of UV light: photophysical, photochemical, and/or photothermal. The photochemical inactivation effect is mainly due to chemical changes in the DNA and RNA. Photothermal effects include cell death due to the increase of temperature during long duration of the pulsed UV light treatment. Because the heating rate of the bacterial cell and of the surrounding media are different, the localized heating of bacterial cells leads to cell death. The photophysical effect occurs through structural damages to bacterial cells due to constant disturbance caused by the high energy pulses (10) . Pulsed UV light treatment of food was approved by the U.S. Food and Drug Administration in 1999.
Some studies have been conducted on the effectiveness of pulsed UV light in dairy products. Krishnamurthy et al. (10) investigated the effectiveness of a flow-through pulsed UV light system on Staphylococcus aureus inoculated into milk. These authors evaluated the effect of sample distance from the UV strobe, number of passes, and flow rate of the milk. Milk samples were placed 5, 8, and 11 cm from the UV lamp and circulated up to three times at flow rates of 20, 30, or 40 ml/min. Treatments resulted in reductions up to 7.26 log CFU/ml (11 cm, two passes, and 20 ml/min). Complete inactivation was observed after a single pass at 28 cm and 20 ml/min. Overall, Krishnamurthy et al. found that pulsed UV light was an effective method for eliminating milk pathogens. The effectiveness of pulsed UV light treatment on cheese products was also evaluated by Dunn et al. (4) . They inoculated cottage cheese with Pseudomonas spp., treated this cheese with pulsed UV light at 16 J/cm 2 with a pulse duration of 0.5 ms, and obtained a 1.5-log reduction. To date, no studies of the efficacy of pulsed UV light on hard cheeses have been conducted. Therefore, this study was undertaken to evaluate the pulsed UV light inactivation of Penicillium roqueforti and L. monocytogenes on packaged and unpackaged cheeses and associated changes in cheese quality and the mechanical properties of plastic packaging material.
MATERIALS AND METHODS
Microorganisms. P. roqueforti (ATCC 10110) was used as the spoilage microorganism, and L. monocytogenes (ATCC 43256) was used as the pathogenic microorganism; both were obtained from the American Type Culture Collection (Manassas, VA). The stock cultures were stored in a 20% glycerol solution at 280uC. The working cultures of P. roqueforti were grown on potato dextrose agar (PDA; Difco, BD, Sparks, MD) slants, incubated at 25uC for 5 days, and then stored in a refrigerator at 4uC. The working cultures of L. monocytogenes were grown on tryptic soy agar (TSA; Difco, BD) slants, incubated at 37uC for 24 h, and then stored in a refrigerator at 4uC. To maintain viability, subcultures were produced every 3 or 4 weeks.
Preparation of inoculum. After the P. roqueforti culture was refreshed at 25uC for 5 days on PDA slants, each slant was rinsed with 5 ml of sterile 0.03% Tween 80 solution and the resulting spore solution was filtered through four layers of sterile cheese cloth to separate the mycelia. To determine the spore population, the spore solution was spiral plated on PDA plates with an autoplater (Autoplate 4000, Spiral Biotech, Norwood, MA). After incubation at 25uC for 24 h, the population was determined with an autocounter (Q-Count, Spiral Biotech). The spore solution yielded ,7 log CFU/ml and was used as the inoculum.
L. monocytogenes culture was aseptically transferred from the TSA slant with a loop into 50 ml of tryptic soy broth (Difco, BD) and then incubated at 37uC for 24 h. The broth culture was then centrifuged for 30 min at 4,000 | g at 10uC. The cells were washed with sterile 0.1% peptone water and recentrifuged under the same conditions. After discarding the supernatant, cells were resuspended in 0.1% peptone water and used as the inoculum (,8 log CFU/ml).
To determine the population, the culture solution was serially diluted with 0.1% peptone water and then spiral plated with the autoplater on TSA plates. After the plates were incubated at 37uC for 24 h, the population was determined with the autocounter.
Plastic packaging. To identify the plastic packaging material with the highest UV light transmittance, nine brands of American cheeses were purchased from the local market. Plastic packaging from three samples of each cheese brand was removed and washed with 70% ethanol. Washed packaging samples were sent to Xenon Corporation (Wilmington, MA) for determination of their UV transmittance at 270 nm (most microbial activation occurs at 250 to 270 nm). The plastic material with the highest UV transmittance was chosen for the inactivation experiments.
Inoculation of cheese samples. Individually packaged white American cheeses were obtained from a local supermarket and stored in the refrigerator at 4uC until used. For the pulsed UV light treatment, 0.1 ml of L. monocytogenes suspension or 0.3 ml of P. roqueforti suspension was spread over the top surface of a single cheese slice (9 by 9 cm) to inoculate the sample. The plastic packaging was then closed tightly for the packaged samples but was lifted up during the pulsed UV treatment for the unpackaged samples.
Pulsed UV light treatment. Inoculated cheese slices were treated with the SteriPulse-XL 3000 Pulsed Light Sterilization System (Xenon Corp.). The pulsed UV lamp delivers a broadband light (wavelength of 100 to 1,100 nm) and three pulses per second.
An input of 3,800 V was used to generate 1.27 J/cm 2 per pulse of radiant energy on the strobe surface for a new lamp (2). The system included a laboratory test chamber (0.64 by 0.15 by 0.19 m) and several shelf settings, which allow for adjustments. Cheese samples (packaged and unpackaged) were placed on the shelf of the UV light chamber at three distances from the quartz glass window: 5, 8, and 13 cm. An additional 5.8 cm separated the UV strobe from the quartz window. The pulsed UV light treatment was applied to cheese surfaces with three time-distance combinations: 5 cm for up to 40 s, 8 cm for up to 50 s, and 13 cm for up to 60 s. These combinations were used based on preliminary experimental trials to determine the maximum conditions under which visual changes occurred in the qualities of the cheese, such as texture.
Sampling and microbiological analysis. After the pulsed UV light treatment, treated and untreated cheese samples were analyzed for surviving microorganisms. Samples were placed in a filtered stomacher bag (Gosselin, Borre, France) containing 50 ml of 0.1% peptone water and stomached for 1 min with a Stomacher 400 (Seward Ltd., Worthington, UK). The samples were then serially diluted with 0.1% peptone water and spiral plated with the autoplater on Palcam agar (VWR International, Gibbstown, NJ) for L. monocytogenes and PDA for P. roqueforti. The plates were incubated at 37uC for 24 h for L. monocytogenes and at 25uC for 48 h for P. roqueforti. The populations were determined with the autocounter.
Energy and temperature monitoring. The amount of energy received at each of the three shelves (5, 8, and 13 cm) in the pulsed UV light chamber was measured with a Nova Laser Power energy monitor (Ophir Optronics Ltd., Wilmington, MA) and expressed as joules per square centimeter per pulse. The energy level was averaged over nine pulses (3 s) . Temperature changes during the treatment were monitored with a K thermocouple (Omegaette HH306, Omega Engineering, Stamford, CT) for up to 60 s by inserting the thermocouple in the middle of the cheese sample.
Quality measurements. To measure the quality changes in cheese samples after the pulsed UV treatment, lipid peroxidation and color change were determined using the thiobarbituric acidreactive substances (TBARS) method (14) and the CEILAB color method, respectively. The mechanical properties of the plastic packaging material also were evaluated. Untreated cheese samples were used as a control for comparisons, and treatment samples were treated at three levels: mild (13 cm for 5 s), moderate (8 cm for 20 s), and extreme (5 cm for 40 s) .
Quality measurements: TBARS test. The TBARS method was used to determine the extent of lipid oxidation during pulsed UV light treatment. The principle of this test is the reaction of one molecule of malonaldehyde (a lipid metabolite in animal tissues) and two molecules of thiobarbituric acid (TBA) to form a red malonaldehyde-TBA complex that can be analyzed spectrophotometrically (9, 14) . The TBARS assay measures the malondialdehyde (MDA) present in the sample and the MDA generated from lipid hydroperoxides by the reaction (15) .
For this assay, one slice of cheese (12 g) before and after treatment with pulsed UV light under mild, moderate, and extreme treatment conditions was homogenized for 1 min in a commercial blender (Waring, Torrington, CT) with 50 ml of distilled deionized water and 10 ml of 15% (wt/vol) trichloroacetic acid (VWR International). After the homogenate was filtered through no. 4 filter paper (Whatman Inc., Florham Park, NJ), the filtrate was refiltered through a 0.45-mm-pore-size syringe filter (Pall Life Sciences, East Hills, NY). The filtrate (8 ml) was then added to test tubes containing 2 ml of 0.06 M TBA (Merck, Whitehouse Station, NJ). After the test tubes were incubated at 80uC for 90 min, they were cooled to room temperature before reading absorbencies at 520 nm with a spectrophotometer (DU series 500, Beckman, Fullerton, CA) (9) .
The MDA concentration in the samples was calculated from a standard curve prepared by using serial dilutions of 1,1,3,3tetraethoxypropane (TEP; TCI America, Portland, OR) (9, 11) and expressed as micrograms of MDA per gram of cheese. A 3 | 10 25 M solution was prepared by diluting 3 | 10 24 M stock solution of TEP. Aliquots of the solution (0, 0.33, 0.66, 1.0, 1.33, 1.66, and 2 ml) were diluted to 10 ml with deionized water, and 5 ml of each dilution was added to test tubes containing 5 ml of 0.02 M TBA in 10% glacial acetic acid. Tubes were put into boiling water for 15 min and then cooled to room temperature, and absorbencies were read at 520 nm. Absorbance versus concentration of the working solution was plotted to construct the calibration curve (9).
Quality measurements: CIELAB color method. To assess the color changes of the cheese samples after treatment, a Minolta Chromo Meter CR 200 (Minolta, Ramsey, NJ) colorimeter was used to measure the CIELAB L*, a*, and b* color space, where L* indicates the lightness, and a* and b* are chromaticity coordinates: 2a* indicates green color, za* indicates red color, 2b* indicates blue color, and zb* indicates yellow color (2) . Three randomly chosen spots on the untreated and treated samples were analyzed and then averaged to give the differences between L*, a*, and b*. The variation in color (DE) was calculated using DL*, Da*, and Db* values as shown in equation 1 (1):
Quality measurements: analysis of plastic packaging material. Plastic packages of untreated cheese samples and samples treated under mild, moderate, and extreme conditions with pulsed UV light were evaluated for the mechanical properties of plastics. Packaging samples were cleaned with 70% ethanol and cut into pieces (5 by 1 cm). The plastic material was polypropylene with a thickness of 0.03 mm according to the manufacturer's specifications. The samples were analyzed according to ASTM D 882-02 test methods using a tensile strength tester (model 3345, Instron Corp., Canton, MA) ( Fig. 1 ). Samples were gripped by the machine, using the longer dimension (5 cm) to test each condition. Three replications were performed for each condition. Based on these data, elastic modulus, yield strength, percentage of elongation at yield, maximum tensile strength, and percentage of elongation at break were determined.
Statistical analysis. Each treatment was conducted three times. The Minitab statistical program (version 14, Minitab Inc., State College, PA) was used for analysis. The microbial reductions, MDA concentration, color changes, energy levels, temperature changes, and mechanical properties of the packaging material were analyzed using an analysis of variance general linear model. The significance of the differences in mean values was determined using Tukey's method at the 95% level.
RESULTS AND DISCUSSION
The plastic packaging material used in this study was selected based on its UV light transmission. Inactivation of P. roqueforti and L. monocytogenes on packaged and unpackaged cheeses was determined after treatment with pulsed UV light. Cheese quality and the mechanical properties of the packaging material were analyzed under mild, moderate, and extreme treatment conditions.
Selection of the packaging material. UV transmission was observed up to 600 nm, but most of the microbial inactivation occurs between 250 and 270 nm. Therefore, the plastic material with the highest UV transmittance was chosen to efficiently transmit UV light. Polypropylene (sample 4) had the highest light transmittance of 45% at 270 nm ( Fig. 1 ).
Microbiological inactivation by pulsed UV light
treatment. Packaged and unpackaged cheese samples inoculated with L. monocytogenes and P. roqueforti were microbiologically analyzed before and after pulsed UV light treatments, and the reductions of these microorganisms were determined. P. roqueforti inactivation: packaged cheese. The reduction of P. roqueforti inoculated onto packaged cheese samples was 0.38 to 1.25 log CFU/cm 2 for 5-to 40-s treatments at 13 and 5 cm, respectively ( Table 1 ). The log reductions obtained after 20-, 30-, and 40-s treatments were not significantly different from each other (P . 0.05) but were significantly different from the reductions after 15, 10, and 5 s (P , 0.05) for all distances. Results for treatments for 5 and 10 s were not significantly different from each other (P . 0.05) but were significantly different from results for all other treatments (P , 0.05).
At 5 cm from the quartz window, the reductions were 0.61 to 1.25 log CFU/cm 2 . Although results for treatments of 5 and 10 s were not significant different from each other (P . 0.05), they were significantly different from results for other treatments (P , 0.05). The result for the 15-s treatment was significantly different from those for all other treatments at this distance (P , 0.05). Changes in the appearance of the cheese were observed after 30 s at this distance.
At 8 cm, the reductions were 0.4 to 1.22 log CFU/cm 2 until 50 s. However, the appearance of cheese changed after 40 s. The 5-and 10-s treatment results were not significantly different from each other (P . 0.05) but were significantly different from results for other treatments (P , 0.05). The result for the 15-s treatment was not significantly different from those for the 20-and 30-s treatments (P . 0.05) but was different from the results for the 5-, 10-, and 40-s treatments (P , 0.05). At 13 cm, reductions were 0.38 to 1.24 log CFU/cm 2 until 60 s, and changes in appearance were observed after 40 s. The results for the 5-, 10-, and 15-s treatments were not significantly different from each other (P . 0.05) but were significantly different from the results for the 20-, 30-, and 40-s treatments (P , 0.05).
Based on these findings, the optimum treatment conditions were determined as 30 s at 5 cm and 40 s at 8 cm, which yielded an approximately 1.2-log reduction without causing visible changes in the cheese samples. P. roqueforti inactivation: unpackaged cheese. For decontamination of unpackaged cheese samples inoculated with P. roqueforti, the microbial reduction was 0.42 to 1.32 CFU/cm 2 for 5-to 40-s treatments at 13 and 5 cm, respectively ( Table 2) . At 5 cm, results for 5-and 10-s treatments were not significantly different from each other (P . 0.05), but both were significantly different from the results for the 15-, 20-, 30-, and 40-s treatments (P , 0.05). The result of treatment for 15 s was not significantly different from the result of treatment for 20 s (P . 0.05) but was significantly different from the results for other treatments (P , 0.05).
At 8 cm, microbial inactivation was as high as 1.24 log CFU/cm 2 at 50 s. The 5-s treatment result was significantly different from the other results except for that for the 10-s treatment (P , 0.05). The results of treatments for 15, 20, and 30 s were not significantly different from each other (P . 0.05) but were significantly different from the result for the 40-s treatment (P , 0.05).
At 13 cm, the maximum reduction was 1.26 log CFU/ cm 2 at 60 s. However, changes in visual quality occurred after 40 s. No significant differences were found among the results of treatments for 5, 10, and 15 s (P . 0.05) The result of the 15-s treatment was not significantly different from those of the 10-and 20-s treatments (P . 0.05) but was different from the results for the 5-, 30-, and 40-s treatments (P , 0.05). No significant differences were found for the results of the 30and 40-s treatments (P . 0.05).
The optimum treatment condition was 20 s at 5 cm because the difference between the 20-and 30-s reductions was not significant. At 8 and 13 cm, 40-and 50-s treatments were optimum with no observable visual changes in the cheese samples. An approximately 1.2-log reduction of P. roqueforti on cheese sample surfaces was obtained under all three conditions. Reduction of P. roqueforti was compared for packaged and unpackaged samples treated on shelves at various distances from the lamp. Results for all distances were significantly different from each other (P , 0.05) for both packaged and unpackaged samples, and no interaction was found between time and shelf distance. To evaluate the package effect, a paired t test (a~0.05) was conducted of log reduction values for packaged and unpackaged samples; the results suggested no significant difference between packaged and unpackaged cheeses (P $ 0.05).
L. monocytogenes inactivation: packaged cheese. The reduction of L. monocytogenes inoculated onto packaged cheese samples was 1.13 to 2.98 log CFU/cm 2 after 5-and 40-s treatments at 13 and 5 cm, respectively (Table 3) . At 5 cm, the results for 5-and 10-s treatments were not significantly different (P . 0.05) but were significantly different from results for other treatments (P , 0.05). The results for the 15-and 20-s treatments were significantly different from results for all other treatments (P , 0.05). The results for the 30-and 40-s treatments were not significantly different from each other (P . 0.05). Overall, the microbial reduction at 5 cm for 5 to 40 s was 1.41 to 2.98 log CFU/cm 2 . Changes in cheese quality characteristics such as texture could be observed after 30 s. At 8 cm, the microbial reduction was 1.17 to 3.07 log CFU/cm 2 for 5 to 50 s. Results of treatments for 20, 30, and 40 s were not significantly different from each other (P . 0.05). Although the 30-s treatment result was not significantly different from that for the 15-s treatment (P . 0.05), both results were significantly different from those for the 10-and 5-s treatments (P , 0.05). Visual characteristics of cheese started changing after 40 s. At 13 cm, the reduction was 1.13 to 2.85 log CFU/cm 2 for 5-to 60-s treatments. Results of treatments for 20 to 60 s were not significantly different from each other (P . 0.05) but were significantly different from the other results (P , 0.05). The results of the 15-and 10-s treatments were not significantly different from each other (P . 0.05) but were significantly different from the results of the other treatments (P , 0.05). The 5-s treatment results was significantly different from the results for all other treatments (P , 0.05). The visual quality characteristics of cheese started changing after 40 s of treatment. For the L. monocytogenesinoculated packaged cheese samples, optimum conditions for inactivation were 40 s at 5 and 8 cm and 50 s at 13 cm. Approximately 1.3-to 1.2-log reductions were obtained under those conditions without any visible changes in the cheese.
L. monocytogenes inactivation: unpackaged cheese.
For decontamination of L. monocytogenes-inoculated unpackaged cheese samples, the inactivation was 1.1 to 3.08 log CFU/cm 2 for 5 to 40 s at 13 and 8 cm, respectively (Table 4. ). At 5 cm, results of 20-, 30-, and 40-s treatments were not significantly different from each other (P . 0.05). Treatments results of 15, 20, and 30 s were not significantly different from each other (P . 0.05) but were significantly different from the results of the 5-, 10-, and 30-s treatments (P , 0.05). The 5-and 10-s treatment results were not significantly different from each other (P . 0.05) but were significantly different from the results of other treatments (P , 0.05).
At 8 cm, results for 20-, 30-, 40-, and 50-s treatments were not significantly different from each other (P . 0.05), but the 15-s treatment result was significantly different from those of all other treatments (P , 0.05). Results of treatments for 5 and 10 s were not significantly different from each other (P . 0.05) but were different from the other results (P , 0.05).
The optimum treatment conditions for inactivation of L. monocytogenes on unpackaged cheeses were 40, 50, and 50 s from 5, 8, and 13 cm, respectively. Approximately 3-log reductions were achieved under these conditions.
The reduction of L. monocytogenes was compared at different distances for packaged and unpackaged samples. Results for all distances were significantly different from each other for packaged cheese samples (P , 0.05), but results for 8 and 13 cm were not significantly different for unpackaged cheese samples (P . 0.05). However, the package effect paired t test (a~0.05) conducted with logtransformed reductions on packaged and unpackaged samples suggested that there was no significant difference in inactivation between packaged and unpackaged cheeses (P $ 0.05).
Energy and temperature measurements. The energy levels were the same for all samples at the same distances. Under the test conditions, temperature changes were not different between packaged and unpackaged cheeses after the energy measurement during pulsed UV light treatment ( Table 5 ). Total energy levels and resulting temperature changes for each treatment condition are shown in Table 6 . Total energy was 3.08 to 64.4 J/cm 2 . Energy levels were measured for 40, 50, and 60 s from 5, 8, and 13 cm, respectively. At 5 cm, the energy level was 8.05 to 64.4 J/cm 2 , at 8 cm it was 5.53 to 50.53 J/cm 2 , and at 13 cm it was 3.08 to 36.96 J/cm 2 . Statistical analysis was conducted on result obtained after up to 40 s for each distance. Energy levels at 5, 8, and 13 cm were significantly different from each other (P . 0.05). Energy levels increased significantly with treatment time at each distance (P , 0.05) and at each treatment time (P , 0.05).
The initial temperature of the cheese samples was 19.4uC. Temperature differences were 2 to 38.6uC from 5 s at 13 cm to 40 s at 5 cm, respectively ( Table 6 ). The temperature differences at 8 cm were not significantly different from those at 5 and 13 cm at the corresponding treatment times (P . 0.05). At each distance, temperature changed significantly with time (P , 0.05), except after 5 and 10 s at 13 cm. The temperature changes and energy levels under the optimum treatment conditions were 14.2uC and 27.48 J/cm 2 , respectively.
Quality measurements. Cheese quality was measured for both packaged and unpackaged samples under the mild (13 cm, 5 s), moderate (8 cm, 30 s), and extreme (5 cm, 60 s) conditions. Cheese samples were analyzed for lipid peroxidation and color, and packaging material was analyzed for mechanical properties.
Quality measurements: TBARS test. Lipid oxidation in packaged and unpackaged cheese samples was measured using the TBARS test ( Table 7 ). The concentration of MDA was expressed as micrograms of MDA per gram of cheese. For the packaged samples, lipid oxidation was indicated by MDA concentrations of 12.6 and 30.7 mg/g of cheese after the 5-s treatment at 13 cm and the 40-s treatment at 5 cm, respectively. There was no significant differences between untreated and mildly treated packaged and unpackaged cheese samples (P . 0.05). For both the packaged and unpackaged cheeses, those treated at moderate and extreme conditions were significantly different from each other and from mildly treated and untreated cheeses (P , 0.05). For the unpackaged samples, the extent of lipid oxidation was 13.0 to 34. 8 mg MDA/g of cheese. The MDA concentration was slightly higher in the unpackaged cheese samples than in the packaged cheese samples, although the difference was not significant (P . 0.05).
Quality measurements: CIELAB color. The CIE-LAB color method was used to determine color changes in the treated packaged and unpackaged cheese samples. The samples were analyzed after mild (5 s at 13 cm), moderate (30 s at 8 cm), and extreme (60 s at 5 cm) treatments. Color differences between samples were expressed based on the DL*, Da*, and Db* parameters (Table 8) .
For each treatment, DL*, Da*, and Db* values of cheeses were measured before and after treatment; the maximum differences were 21.79, 0.65, and 22.04, respectively. Maximum DL* values were observed under extreme conditions (40 s at 5 cm) on packaged cheese, maximum Da* values were observed under moderate conditions (30 s at 8 cm) on packaged cheese, and maximum Db* values were observed under the extreme conditions (40 s at 5 cm) on unpackaged cheese. There was no significant difference between DL* values for any treatment (P . 0.05). However, the Db* value under mild Mechanical properties of packaging material. Mechanical properties (elastic modulus, yield strength, percent elongation at yield point, maximum tensile strength, and percent elongation at break) of the plastic packaging material of cheese samples were evaluated after treatment at mild (5 s at 13 cm), moderate (30 s at 8 cm), and extreme (40 s at 13 cm) treatment conditions (Table 9 ). Each polypropylene sample used for these tests was 5 by 1 cm with a thickness of 0.003 cm, according to the manufacturer's specifications.
The elastic modulus value was as high as 511.0 MPa for the untreated sample. After the extreme pulsed UV light treatment, this value decreased to 404.0 MPa, which indicates that UV light treatment caused deterioration of the plastic packaging. Although a decreasing trend was noted for the elastic modulus data, differences between values for untreated, mild, and moderate treatments were not significant (P . 0.05), but these values were significantly different from that for the extreme condition (P , 0.05).
The yield strength of samples was 5.36 to 5.8 MPa; these values were not significantly different (P . 0.05) for mild, moderate, or extreme conditions. Elongation at the yield point was 0.0237 to 0.034%, with no significant differences (P . 0.05) between the treatments.
Maximum tensile strength of the plastic material was 5.06 to 5.96 MPa. For mild, moderate, and extreme conditions, the maximum tensile strength did not differ significantly (P . 0.05). Elongation at the break was 148.2 to 262.2%. A decreasing trend in percent elongation at break was observed with increasing treatment time. No significant difference in elongation at the break was found between the untreated, mild, and moderate treatments (P . 0.05), but the difference between untreated samples and those treated under extreme conditions was significant (P , 0.05).
The results obtained in this study revealed that pulsed UV light can inactivate both P. roqueforti and L.
monocytogenes on the surface of cheese. However, this treatment is less effective for P. roqueforti than for L. monocytogenes because molds are more resistant than bacteria to UV light. P. roqueforti spores are darker in color, which reduces the efficacy of pulsed UV light for inactivation. Optimum pulsed UV light treatment conditions for both microorganisms were determined based on maximum log reductions and minimal and acceptable changes in cheese characteristics. The optimum UV light treatment for P. roqueforti inactivation for both packaged and unpacked cheeses were 8 cm for 30 s, which resulted in an approximately 1.1-log reduction. Reductions in L. monocytogenes under the same treatment conditions were about 2.9 and 2.8 log CFU/cm 2 in packaged and unpackaged cheeses, respectively.
In conclusion, the lipid peroxidation and color changes of the cheeses were evaluated after mild (5 s at 13 cm), moderate (30 s at 8 cm), and extreme (40 s at 13 cm) treatment conditions. The color and chemical qualities of the cheeses did not differ significantly after mild treatments. a Values are means ¡ standard deviations. Within each sample type and column, means not followed by the same letter are significantly different (P , 0.05). DL*~L* 2 L* untreated ; Da*~a* 2 a* untreated ; Db*~b* 2 b* untreated ; DE~(DL* 2 z Da* 2 z Db* 2 ) 0.5 . However, after moderate and extreme treatments, a* and b* parameters changed significantly (P , 0.05), but the L* parameter did not (P . 0.05). The elastic modulus values for the plastic packaging material tended to decrease with more severe treatment conditions, but the differences between untreated, mild, and moderate treatments were not significant. Mechanical properties were not significantly different after treatments, except for percent elongation at breaking under the extreme treatment conditions. In conclusion, this study clearly indicated that pulsed UV light can be used to decontaminate packaged and unpackaged cheeses without causing unacceptable changes in the evaluated quality parameters.
